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Abstract
We construct a model of hidden massive vector boson dark matter as a homogeneous
coherent oscillation in the entire universe without any dangerous instability. We make
use of a particular form of the vector boson coupling to a scalar field through the
gauge kinetic function. This scenario may be distinguished from other dark matter
models through the observation of statistical anisotropy in the dark matter isocurvature
perturbation.
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1 Introduction
Recently there are increasing interests on the ultra-light dark matter (DM) scenario such as
axion-like particle or hidden vector boson [1, 2]. These light DM particles are assumed to
have extremely tiny coupling to the standard model sector, but still many ideas to detect or
constrain such a scenario have been proposed.
One of the issues of the ultra-light DM scenario is to obtain a correct relic abundance of
DM. For the case of scalar field, it is well known that the scalar field with mass much smaller
than the Hubble scale can develop a homogeneous condensate during inflation and it exhibits
a coherent oscillation at some later epoch: the so-called misalignment mechanism. This
coherent oscillation acts as a non-relativistic matter and its abundance can fit the observed
value of DM density in the present universe. A famous example is the QCD axion [3–7], but
more broad class of axion-like particles are also considered [1, 2].
The case of hidden vector boson is more involved, since a free massive vector boson can-
not have a homogenous condensate during inflation, as briefly reviewed in the next section.
Instead, people often consider other production mechanisms of hidden vector boson DM:
production through the h(φ)FµνF˜
µν coupling [8–10] where h(φ) is some function of a scalar
field φ, Fµν and F˜
µν are the field strength of the vector boson and its dual, respectively,
production from the h(φ)FµνF
µν coupling [11] and also purely gravitational production dur-
ing and at the end of inflation [12, 13]. They can yield right amount of vector DM, some
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of which make ultra-light vector boson possible DM candidate, although none of these are
related with the “coherent oscillation” of vector boson.#1
The vector coherent oscillation as (ultra-light) DM was considered in Refs. [2,14] although
there is a flaw in their mechanism. In Refs. [2,14] the vector boson Aµ coupling to the Ricci
curvature R is introduced in the Lagrangian as L ∼ (1/12)RAµAµ to cancel the effective
Hubble mass term and make vector boson effectively massless. However, such a coupling
necessarily induces a ghost instability for the longitudinal vector mode [15–18]. The roles of
RAµA
µ coupling have been considered in the context of magnetogenesis [19] and the vector
curvaton [20–22], although all of these attempts eventually suffer from the serious ghost
instability.
The main purpose of this paper is to make a consistent model for a vector coherent oscil-
lation. To this end, we borrow the idea of the vector curvaton scenario utilizing the kinetic
coupling of the form f 2(φ)FµνF
µν [23–26], which does not suffer from serious instability. By
assuming some specific time dependence of f(φ), it is possible that the vector field develops a
homogeneous condensate during inflation and it begins a coherent oscillation at later epoch,
similarly to the scalar field coherent oscillation.
In Sec. 2 we briefly review why a free massive vector boson cannot develop a homogeneous
condensate during inflation and a problem of introducing the RAµA
µ coupling. In Sec. 3
we give a detailed study of the model with f 2(φ)FµνF
µν coupling. After discussing the
dynamics of the homogeneous condensate, we give analysis of the fluctuation. In particular,
the statistically anisotropic DM isocurvature perturbation can be a unique signal of this
vector DM scenario. Sec. 4 is devoted to conclusions and discussion.
2 Free massive vector field and its extension
2.1 Action
The action of the massive vector field AM is given by
S =
∫
d4x
√−g
(
M2P
2
R− 1
4
gMNgKLFMKFNL − 1
2
m2gMNAMAN
)
, (1)
where MP denotes the reduced Planck scale, R the Ricci scalar, FMN = ∂MAN − ∂NAM ,#2
and we assume the Friedmann-Robertson-Walker metric:
gMN = diag(−1, a2(t), a2(t), a2(t)), (2)
with a(t) being the cosmic scale factor. In this paper we only consider the Einstein gravity
and hence we omit the Einsten-Hilbert term in the action in what follows. It is often
#1 In this paper, only the oscillation of the homogenous condensate in the entire universe is called as
coherent oscillation.
#2 Note that FMN = gMKgNLFKL 6= ∂MAN − ∂NAM for a general metric.
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convenient to use the conformal time dτ = dt/a and rewrite the action as
S =
∫
dτd3x
(
−1
4
ηµρηνσFµνFρσ − a
2
2
m2ηµνAµAν
)
, (3)
where ηµν = diag(−1, 1, 1, 1) and we defined Aµ = (A0, Ai) ≡ (aA0,Ai) and Fµν = ∂µAν −
∂νAµ. In what follows, tensors with greek superscript are understood as those raised by η
µν .
This form makes the conformal nature of the vector boson clear: the metric dependence com-
pletely disappears in the massless limit m→ 0. The vector boson mass term arises either by
the Higgs mechanism or the Stuckelberg mechanism. In the former case, as far as the radial
component of the Higgs field is heavy enough, all the phenomenology is indistinguishable
from the latter one.
The equation of motion is
∂µF
µν − a2m2Aν = 0. (4)
Here F µν = ηµρηνσFρσ and A
ν = ηνµAµ. It gives
∂iA
′
i −∇2A0 + a2m2A0 = 0, (5)
A′′i −∇2Ai + a2m2Ai + ∂i(−A′0 + ∂iAi) = 0. (6)
where ′ = ∂/∂τ = a∂/∂t. There is no gauge invariance for the massive vector boson and
it is not allowed to impose arbitrary gauge condition, but the condition DMAM = 0 is
automatically satisfied with DM being the covariant derivative.
In the Fourier space, defining
Aµ(~x, τ) =
∫
d3k
(2pi)3
Aµ(~k, τ)e
i~k·~x, (7)
with Aµ(~k, τ) = A
∗
µ(−~k, τ), one can explicitly solve the constraint equation for A0 (5) as#3
A0(~k, τ) =
−i~k · ~A′
k2 + a2m2
=
−ikA′L
k2 + a2m2
. (8)
Here the vector boson is decomposed into the transverse and longitudinal ones ~A = ~AT +kˆAL
where kˆ ≡ ~k/k and the transverse mode satisfies ~k · ~AT = 0. The action for the transverse
and longitudinal mode is given as
S = ST + SL, (9)
ST =
∫
d3kdτ
(2pi)3
1
2
(
| ~A′T |2 − (k2 + a2m2)| ~AT |2
)
, (10)
SL =
∫
d3kdτ
(2pi)3
1
2
(
a2m2
k2 + a2m2
|A′L|2 − a2m2|AL|2
)
. (11)
#3 For notational simplicity we use the same character for the vector field in the position space Aµ(τ, ~x)
and momentum space Aµ(~k, τ). We believe that which one is used is clear in the context and this does not
lead to any confusion.
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2.2 Zero mode dynamics
For spatially homogeneous case Aµ(t, ~x) = Aµ(t), the constraint equation (5) just gives
A0 = 0. Then the equation of motion gives
A′′i + a
2m2Ai = 0 ↔ A¨i +HA˙i +m2Ai = 0, (12)
where the dot denotes the derivative with respect to t and H ≡ a˙/a is the Hubble parameter.
Later we also use the conformal Hubble parameter H ≡ a′/a = aH. This has an oscillating
solution like Ai ∝ a−1/2(t) cos(mt) for m  H. For H  m, it clearly has a solution
Ai ' const. However, it does not mean a homogeneous condensate can be formed during
inflation, since the energy density decreases as ρ ∝ a−2 even if Ai = const (see Sec. 3.2). It
is related to the fact that Ai should be regarded as a “comoving” field rather than a physical
field, as seen below.
Here it may be worth mentioning that Ai is regarded as a “comoving field” while Ai ≡
Ai/a as a “physical” field. One can understand this terminology by looking at the kinetic
(time derivative) term in the action as
S ⊃
∫
dτd3x
1
2
A′2i =
∫
dtd3X
1
2a2
A˙2i =
∫
dtd3X
(
1
2
A˙i
2 − 1
2
(H2 − H˙)Ai2
)
, (13)
where we have defined physical coordinate d ~X ≡ ad~x. Thus Ai is canonical in the comoving
coordinate (τ, ~x) while Ai is canonical in the physical coordinate (t, ~X).
In terms of the “physical” field Ai, the equation of motion is expressed as
A¨i + 3HA˙i + (m
2 + 2H2 + H˙)Ai = 0. (14)
Note that the Ricci curvature is expressed asR = 6(2H2+H˙). Thus it exhibits a similar equa-
tion as a scalar field. For m  H, it has an oscillating solution like Ai ∝ a−3/2(t) cos(mt).
For m H, due to the mass term of 2H2 one cannot have a solution like Ai ∼ const. Even
if we start with some finite value of Ai during or before inflation, it is exponentially damped
during inflation and we end up with practically vanishing Ai after inflation. This is the
reason why we cannot have a homogeneous vector condensate in a theory of simple massive
vector field.#4
2.3 Extension and instability
The observation in the previous subsection may lead us to introduce a curvature coupling
L = 1
2
ξR gMNAMAN , (15)
#4 Ref. [27] missed the Hubble mass term in the equation of motion and incorrectly derived coherent
oscillation of a free massive vector field.
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in the Lagrangian with ξ being a constant. The action and equation of motion are the same
after one reinterprets m2 → m2 − ξR. The equation of motion of the zero mode becomes
A¨i + 3HA˙i +
(
m2 +
(
1
6
− ξ
)
R
)
Ai = 0. (16)
For ξ = 1/6 one obtains a vanishing Hubble-induced mass term and the equation becomes the
same as a minimal massive scalar field. Thus one may have a solution like Ai = const during
inflation and hence the vector coherent oscillation occurs at some epoch after inflation. This
curvature coupling of the vector field was considered in the context of magnetogenesis [19],
vector curvaton [20–22] and hidden photon DM as a coherent oscillation [2, 14].
However, this scenario suffers from the ghost instability [15–18]. It is easy to see that the
kinetic term of the longitudinal mode (11) has a wrong sign in the short wavelength limit
after the replacement m2 → m2 − ξR, since one must have m2 − ξR < 0 in order to have a
solution like Ai = const. In the Higgs picture, the appearance of ghost instability may be
understood as an existence of the Higgs kinetic term with a wrong sign in order to obtain
a tachyonic mass for the vector boson. Although small k ( aH) modes do not have ghost
instability, they must be well inside the horizon (k  aH) as time goes back, hence they
originate from the ghost regime. It could be healthy if the time scale of the ghost instability
is much longer than the Hubble time scale, although it is improbable [28]. Thus it is safe
to say that we cannot discuss the vector field dynamics in a healthy way. The situation is
more or less the same for other extensions to modify the “potential” of the vector field in
order to cancel the Hubble mass term somehow [29].
3 Massive vector field with kinetic function
3.1 Action
Let us consider the action of massive vector field with kinetic function f(φ) which is depen-
dent on some scalar field φ:
S =
∫
d4x
√−g
(
−1
4
f 2(φ)gMNgKLFMKFNL − 1
2
m2gMNAMAN
)
(17)
=
∫
dτd3x
(
−1
4
ηµρηνσf 2(φ)FµνFρσ − a
2
2
m2ηµνAµAν
)
(18)
The equation of motion reads
∂µ
(
f 2F µν
)− a2m2Aν = 0, (19)
which give
f 2(∂iA
′
i −∇2A0)− ∂if 2(∂iA0 − A′i) + a2m2A0 = 0, (20)
f 2(A′′i −∇2Ai) + a2m2Ai + f 2∂i(−A′0 + ∂iAi) + f 2′(A′i − ∂iA0)− ∂jf 2(∂jAi − ∂iAj) = 0.
(21)
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Repeating the same procedure as the previous section, we obtain the action in the Fourier
space for the transverse and longitudinal mode as follows:
S = ST + SL, (22)
ST =
∫
dτd3k
(2pi)3
1
2
(
f 2| ~A′T (k)|2 − (f 2k2 + a2m2)| ~AT (k)|2
)
, (23)
SL =
∫
dτd3k
(2pi)3
1
2
(
f 2a2m2
f 2k2 + a2m2
|A′L(k)|2 − a2m2|AL(k)|2
)
. (24)
Since the kinetic term always has a correct sign, there is no ghost instability in this model.
One can further rewrite this action in terms of the canonical field ~AcT (k) ≡ f ~AT (k) and
AcL(k) ≡ gAL(k) where g ≡ f
√
a2m2/(f 2k2 + a2m2):
ST =
∫
dτd3k
(2pi)3
1
2
[
| ~Ac′T (k)|2 −
(
k2 +
a2m2
f 2
− f
′′
f
)
| ~AcT (k)|2
]
, (25)
SL =
∫
dτd3k
(2pi)3
1
2
[
|Ac′L(k)|2 −
(
k2 +
a2m2
f 2
− g
′′
g
)
|AcL(k)|2
]
. (26)
Explicit calculation shows
g′′
g
=
f ′′
f
+
f 2k2
f 2k2 + a2m2
(
a′′
a
− f
′′
f
− 3a
2m2
f 2k2 + a2m2
(
H− f
′
f
)2)
. (27)
Thus the difference between transverse and longitudinal mode appears in the second term
of this expression.
3.2 Energy momentum tensor
Before going into the analysis of the dynamics, we give en expression for the energy momen-
tum tensor for later use. The energy momentum tensor is defined as
TMN =
−2√−g
δ(
√−gL)
δgMN
(28)
= f 2gABFMAFNB − f
2
4
gMNg
ABgCDFACFBD +m2
(
AMAN − 1
2
gMNg
ABAAAB
)
.
(29)
For the spatially homogeneous case Aµ(t, ~x) = Aµ(t) (A0 = 0 in this case), we have
ρA = T00 =
1
2a2
(
f 2A˙2i +m
2A2i
)
=
1
2
[
A˙i +
(
H − f˙
f
)
Ai
]2
+
m2
2f 2
Ai
2
. (30)
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where we have defined a “physical” field Ai ≡ fAi/a. Let us take a coordinate such that
Ai = (0, 0, Az) without loss of generality. Then we have T0i = 0 and Tij = 0 for i 6= j. For
diagonal components, we obtain
Txx = Tyy =
f 2
2
A˙2z −
1
2
m2A2z, Tzz = −
f 2
2
A˙2z +
1
2
m2A2z. (31)
In the deep oscillating regime m/f  H and f ' const, we have Txx = Tyy = Tzz = 0 after
the oscillation average, implying the zero pressure. Thus the coherently oscillating vector
field just behaves as non-relativistic matter and does not induce anisotropic expansion. On
the other hand, if the vector condensate during its slow-roll phase is a dominant or substantial
component of the universe, it induces anisotropic expansion. In our scenario studied below,
the vector boson begins a coherent oscillation well before it dominates the universe, and
hence the isotropy of the universe is not affected by the vector background.
By using the equation of motion (37), we obtain the energy conservation law as
ρ˙A = ρ˙
(K)
A + ρ˙
(V )
A = −
(
4H +
2f˙
f
)
ρ
(K)
A − 2Hρ(V )A , (32)
where
ρ
(K)
A =
1
2
[
A˙i +
(
H − f˙
f
)
Ai
]2
=
1
2
[
A˙i +
(
1− α
2
)
HAi
]2
, ρ
(V )
A =
m2
2f 2
Ai
2
, (33)
where in the second expression of ρ
(K)
A we have substituted f
2 ∝ aα. In the deep oscillation
regime, we have f = const and ρ
(K)
A ' ρ(V )A , hence ρ˙A = −3HρA, as it should be.
Including the fluctuation, the energy density is expressed as
ρA = ρAT + ρAL , (34)
ρAT =
∫
d3k
(2pi)3
1
2a4
(
f 2| ~A′T (k)|2 + (f 2k2 + a2m2)| ~AT (k)|2
)
, (35)
ρAL =
∫
d3k
(2pi)3
1
2a4
(
f 2a2m2
f 2k2 + a2m2
|A′L(k)|2 + a2m2|AL(k)|2
)
. (36)
3.3 Zero mode dynamics
First we study the evolution of the zero mode. Assuming Aµ(t, ~x) = Aµ(t) and φ(t, ~x) = φ(t),
we immediately find that A0 = 0 from the constraint equation (20). In terms of the physical
field Ai = fAi/a, we find
A¨i + 3HA˙i +
(
m2
f 2
+ 2H2 + H˙ −H f˙
f
− f¨
f
)
Ai = 0. (37)
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It obtains an additional effective mass term from the time dependence of the kinetic function
f . Now we assume f 2 ∝ aα(t) with constant α during inflation and finally it approaches to
f → 1 around the end of inflation. Later we will show an example to realize this scaling by
the scalar dynamics. Then the equation of motion becomes
A¨i + 3HA˙i +
(
m2
f 2
− (α + 4)(α− 2)
4
H2 +
2− α
2
H˙
)
Ai = 0. (38)
Thus choosing α = 2 or α = −4 results in the vanishing Hubble induced mass term and
renders Ai effectively massless during inflation, assuming m/f  H always holds during in-
flation [24]. In such a case, the dynamics of the homogeneous vector condensate Ai resembles
that of the minimal scalar field and Ai can remain constant during inflation.
#5
Here are several comments. For α = −4, the kinetic function f 2 ∝ a−4 is an exponentially
decreasing function during inflation. It means that f is exponentially large as time goes back.
One might worry about the backreaction to the scalar field dynamics due to the coupling
f 2FF , but actually it is often safely neglected. Let us suppose that φ is an inflaton with its
scalar potential V (φ). As we have shown above, f 2FF ∼ (fA˙i/a)2 and Ai = fAi/a ∼ const
and we have f 2FF ∼ H2Ai2. In order for this term not to affect the inflaton dynamics,
|(∂φf 2)FF| . |∂φV (φ)| must be satisfied. This condition is rewritten as(
A(in)
MP
)2
. M
2
P
2
(
∂φV (φ)
V (φ)
)2
=
r
16
∼ 10−2
(
Hinf
1014 GeV
)2
, (39)
where A(in) is a constant value of Ai during inflation, r is the tensor-to-scalar ratio and
Hinf is the Hubble scale during inflation [33].
#6 Since Hinf is bounded as Hinf . 1014 GeV
from the non-observation of B-mode polarization [41], it gives an upper bound on the initial
vector amplitude Ai. As we will see later in Sec. 3.4, the constraint from DM isocurvature
perturbation gives a similar upper bound.
For α = 2, the kinetic function f 2 ∝ a2 is an exponentially increasing function during
inflation. Thus f is exponentially small as time goes back, which means that the theory is
in a strongly coupled regime since f is roughly an inverse of the gauge coupling. In a pure
U(1) gauge theory without any U(1) charged field, however, there is no gauge coupling in
the action and it may not cause any problem. On the other hand, since we need m/f  H
#5 For α < −4, Ai increases during inflation. At some point the backreaction of the vector boson to the
inflaton becomes important, and it may lead to a scenario of so-called anisotropic inflation [30–32]. We do
not pursue this possibility further in this paper.
#6 A similar kinetic coupling of the electromagnetic field is often considered in the context of inflationary
magnetogenesis [34–37], but it is known that models producing an observed amount of magnetic field suffer
from the backreaction problem [38–40]. In the magnetogenesis context it should be noticed that the magnetic
field ~B is not generated from the homogeneous ~A since ~B = ~∇ × ~A and hence the power spectrum of the
magnetic field is strongly blue. In order to obtain the magnetic field in the Mpc scale, one needs huge amount
of total magnetic energy or strongly red spectrum, which yield too large backreaction to the scalar field.
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during inflation, we require at least
m e−50Hinf ∼ 10−22Hinf = 10 eV
(
Hinf
1014 GeV
)
. (40)
Thus in this case the vector boson must be very light.#7
We give one concrete example to realize a required time dependence f 2(φ) ∝ aα [42].
Let us suppose that φ is an inflaton with power law potential V (φ) ∼ λφn. The standard
slow-roll inflaton dynamics gives φ2 ∼ 2nNeM2P with Ne being the e-folding number towards
the end of inflation. Thus the choice of the kinetic function
f 2(φ) = ecφ
2/M2P '
(
aend
a(Ne)
)2cn
, (41)
where aend denotes the scale factor at the end of inflation and we obtain the required scal-
ing by taking c = −α/(2n). After inflation it smoothly connects to f → 1. Although a
monomial inflaton potential is disfavored by the observation of the cosmic microwave back-
ground [41], a slight modification makes the prediction of density perturbation consistent
with observations [43–45]. Note also that α needs not be exactly equal to −4 or 2 for our
scenario to work. What we actually need is to make the effective mass term in the equation
of motion (37) smaller than ∼ H2 during inflation. Although we focus on the case of α = −4
or 2 hereafter, we can have a similar vector dynamics for more broad value of α.
Now let us estimate the abundance of the vector coherent oscillation. As shown above, Ai
remains constant during inflation for α = −4 or 2 and we take the initial value just as a free
parameter and denote by A(in).#8 We also assume that f = 1 after inflation and introduce
an equation of state parameter w until the end of the reheating, such that
H˙ = −3
2
(1 + w)H2,
R
6
= 2H2 + H˙ =
1− 3w
2
H2. (42)
For a monomial power law inflaton potential V ∝ φn, it is given by w = (n − 2)/(n + 2).
The equation of motion of the zero mode after inflation then becomes
A¨i + 3HA˙i +
(
m2 +
1− 3w
2
H2
)
Ai = 0. (43)
Neglecting m2 term, the solution looks like
Ai ∝ C1a−1 + C2a(3w−1)/2. (44)
#7 For this reason, the case of α = 2 with constant mass m was not taken seriously in the vector curvaton
context since such a light curvaton is unlikely to decay before Big-Bang nucleosynthesis [23]. In our case,
the vector field needs not decay (actually it must not decay for it to be DM) and hence we do not discard
this possibility.
#8 See Ref. [46] for a scenario that the value of Ai is determined by the balance between the quantum
fluctuation and the classical dynamics.
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with some numerical constants C1 and C2. Starting from the initial value A(in) during
inflation, which is just taken as a free parameter, Ai evolves according to C1 term solution
or C2 term solution of (44). Finally it begins a coherent oscillation at H ∼ m.#9 We denote
by  the suppression factor of homogeneous vector field during this period. The vector boson
begins to oscillate at H ∼ m with amplitude A(in), after which it behaves as non-relativistic
matter. For example, if the C1 term solution applies, then Ai ∝ a−1 likely holds even after
the reheating, hence we have
 ∼
(
HR
Hinf
)1/2(
m
HR
) 2
3(1+w)
, (45)
where HR denotes the Hubble scale at the end of reheating. If, on the other hand, the C2
term solution of (44) applies, we would have
 ∼
(
HR
Hinf
) 3w−1
3(1+w)
, (46)
assuming Ai ∼ const after the completion of reheating. In particular, we can have  = 1 for
w = 1/3. Notice that the vector boson energy density is dominated by ρ
(K)
A ∼ H2Ai
2
/2 for
α = −4 and the energy conservation (32) implies ρ(K)A ∝ a−4 until H ∼ m, which is consistent
with the C2 term solution. On the other hand, the C1 term solution gives ρ
(K)
A ∼ 0 which
may be consistent with α = 2, which actually gives ρ
(K)
A ∼ 0 during inflation. The resultant
vector coherent oscillation energy density divided by the entropy density is calculated as
ρA
s
=
1
8
(
90
pi2g∗
)1/4
m1/22A(in)
2
M
3/2
P
' 1 GeV
( m
10−9 eV
)1/2(A(in)
MP
)2
, (47)
where g∗ denotes the relativistic degrees of freedom at the reheating. Depending on the
choice of vector boson mass and the initial condition, we can have a right amount of vector
coherent oscillation DM: ρDM/s ∼ 4× 10−10 GeV. In particular, a consistent scenario for an
ultra-light vector DM such as m . 10−20 eV appears.
We performed numerical calculation to check the behavior of a vector condensate during
and after inflation before the vector boson starts to oscillate. We solved equation of motion
of Ai (37) with a concrete form of the kinetic function (41) with c = −α/(2n), along with
the equation of motion of the inflaton including its decay into the radiation with a decay
width Γφ:
φ¨+ (3H + Γφ)φ˙+ ∂φV (φ) = 0, (48)
ρ˙rad + 4Hρrad = Γφρφ, (49)
3M2PH
2 = ρφ + ρrad, ρφ ≡ 1
2
φ˙2 + V (φ). (50)
#9 We assume that the reheating is completed before reaching H = m since we are mainly interested in
the very light DM scenario. It is justified for m . T 2R/MP with TR being the reheating temperature.
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Figure 1: (Left) Background evolution of inflaton energy density ρφ and radiation energy
density ρrad normalized by the initial inflaton energy density ρ
(in). The inflaton decay rate
is taken to be Γφ = 3 × 10−3mφ. The presence of radiation during inflation is an artifact
of constant Γφ during and after inflation. (Right) Time evolution of physical homogeneous
vector field Ai, normalized by its initial value A(in), for different values of α.
For the inflaton potential we have taken V (φ) = m2φφ
2/2. Numerical results are shown in
Fig. 1. The left panel shows the background evolution of inflaton energy density ρφ and
radiation energy density ρrad normalized by the initial inflaton energy density ρ
(in). We have
taken φ = 15MP at the beginning of numerical calculation. The inflaton decay rate is taken
to be Γφ = 3× 10−3mφ. The presence of radiation during inflation is an artifact of constant
Γφ during and after inflation. The right panel shows time evolution of physical homogeneous
vector field Ai, normalized by its initial value A(in), for different values of α. It is seen that
Ai exponentially decays for α 6= −4 or 2. For α = −4, the field value is constant during
inflation as expected and there is a small increase around the end of inflation. This is because
the effective mass square in (37) temporally becomes negative during the first half inflaton
oscillation. After that, the oscillation averaged mass square becomes positive as given in
(42). It is checked that during the inflaton matter domination Ai ∝ a−1/2 and during the
radiation domination Ai ∼ const, corresponding to the C2 term solution of (44). Thus 
is evaluated by (46) in this case. For α = 2, the field value is constant during inflation as
expected but after inflation it connects to the C1 term solution of (44). Thus Ai decreases
as Ai ∝ a−1 in the radiation dominated era and  is evaluated by (45).
3.4 Isocurvature fluctuation
In this scenario, DM is not generated from the inflaton decay products and hence one must
be careful about the constraint from the isocurvature fluctuation of DM. The action of the
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transverse mode (25) is written as
ST =
∫
dτd3k
(2pi)3
1
2
[
| ~Ac′T (k)|2 −
(
k2 +
a2m2
f 2
− 2H2
)
| ~AcT (k)|2
]
, (51)
after substituting f 2 ∝ aα with α = −4 or 2 during inflation. Assuming m/f  H, this
action is the same as the light minimal scalar field and hence the generation and evolution of
the fluctuations are also the same.#10 As is well known in the context of a scalar curvaton [47–
49], the power spectrum is nearly scale invariant. Thus the power spectrum of the transverse
fluctuations is given by〈
~AcT (k) ~A
c∗
T (k
′)
〉
≡ 4pi
2a2
k3
PT (k)(2pi)3δ(~k − ~k′), PT (k) '
(
Hinf
2pi
)2
. (52)
Noting that
〈
AT
2
(~x)
〉
' ∫ d ln kPT (k), √PT (k) denotes the typical amplitude of the trans-
verse fluctuation with wavenumber k. We have ignored a small scale dependence due to a
slight change of the Hubble parameter during inflation.
Next let us consider the longitudinal mode. The longitudinal mode action (26) is written
as
SL =
∫
dτd3k
(2pi)3
1
2
[
|Ac′L(k)|2 −
(
k2 +
a2m2
f 2
− 2H2 + 27a
2m2f 2k2
(f 2k2 + a2m2)2
H2
)
|AcL(k)|2
]
, (53)
after substituting f 2 ∝ aα with α = −4 during inflation, while
SL =
∫
dτd3k
(2pi)3
1
2
[
|Ac′L(k)|2 −
(
k2 +
a2m2
f 2
− 2H2
)
|AcL(k)|2
]
, (54)
after substituting f 2 ∝ aα with α = 2 during inflation. For α = 2, the longitudinal mode
action is the same as the transverse mode and hence we obtain the same longitudinal power
spectrum as the transverse one. For α = −4, there is an additional term proportional to
H2. Although this additional term is much smaller than the −2H2 term except for a small
time interval around which k/a ∼ m/f , one should be careful about the evolution across
this intermediate epoch. As shown in App. A, the growing mode at k/a  m/f connects
to the decaying mode at k/a  m/f . As a result, the power spectrum of the longitudinal
fluctuation is given as
〈AcL(k)Ac∗L (k′)〉 ≡
2pi2a2
k3
PL(k)(2pi)3δ(~k − ~k′), (55)
#10 To be precise, it is the same as the minimal scalar χ after the rescaling χ → aχ. Recalling that it
is ~AcT /a that may be regarded as a “physical” field, we can understand the correspondence between χ and
~AcT /a.
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where
PL(k) '

(
Hinf
2pi
)2(
k
maend
)2
for α = −4,(
Hinf
2pi
)2
for α = 2.
(56)
The power spectrum is strongly blue tilted for α = −4 and hence the longitudinal fluctuation
is negligibly small compared with the transverse mode on the present cosmological scale. For
α = 2, the transverse and longitudinal modes have comparable power at all the observable
scale. In both cases, the evolution of the long wavelength mode after inflation is the same
as the zero mode, and hence we have the density fluctuation of the vector DM as
δρA
ρA
∼ Hinf
piA(in)
. (57)
Since the vector fluctuation is independent of the inflaton fluctuation, their density fluc-
tuation result in the DM isocurvature fluctuation, which is severely constrained from the
cosmological observation. Let ζ(~x) be the curvature perturbation on the uniform-density
time slice δρtotal(~x) = 0 [50]. We also define ζDM(~x) by the curvature perturbation on the
slice where δρA(~x) = 0 and
ζDM(~x)− ζ(~x) = ∆N(~x) = δρA
3ρA
, (58)
where ∆N is the e-folding number from the uniform-density slice to the δρA(~x) = 0 slice and
δρA in the most right hand side is evaluated on the uniform-density slice. The non-linear
DM isocurvature perturbation is defined by [51–53]
SDM ≡ 3(ζDM − ζ) = δρA
ρA
∼ Hinf
piA(in)
. (59)
In our scenario it is nearly scale invariant and it is constrained as SDM . 9 × 10−6 for
uncorrelated DM isocurvature perturbation [41]. Remarkably this gives a similar constraint
to (39) for α = −4. Note that the Planck constraint [41] is derived by assuming that the
DM isocurvature perturbation is statistically isotropic, but in our case it is anisotropic as
we see below. Taking account of the statistical anisotropy, the constraint may change but it
does not affect our order-of-magnitude estimate.
Now we point out that the DM isocurvature fluctuation in our scenario may be statisti-
cally anisotropic. It is expanded in terms of the vector field fluctuation as
SDM =
δρA
ρA
' 1
ρA
∂ρA
∂Ai
δAi ≡ niδAi. (60)
By using the following decomposition [22]〈
Aci(
~k)Ac∗j (~k
′)
〉
≡ 2pi
2a2
k3
(2pi)3δ(~k − ~k′)
[
(δij − kˆikˆj)PT (k) + kˆikˆjPL(k)
]
, (61)
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we find the dimensionless power spectrum of the DM isocurvature fluctuation as
PSDM(~k) = (nini)PT (k) + (nikˆi)2(PL(k)− PT (k)) (62)
≡ P(iso)SDM(k)
[
1 + (nˆikˆi)
2 gS(k)
]
. (63)
The first term is the isotropic component of the DM isocurvature perturbation and gS(k) =
(PL(k) − PT (k))/PT (k) measures the size of statistical anisotropy of the DM isocurvature
perturbation. As shown above, the longitudinal power is negligibly small at large scale for
α = −4, which means that DM isocurvature fluctuation is dominantly anisotropic (gS(k) '
−1). Moreover, one can have a blue-tilted isocurvature power spectrum by assuming a
time-dependent mass term m ∝ aβ(t) with some constant β during inflation as extensively
studied in the context of vector curvaton [23–25] and also shown in App. B, which may
enhance the chance to detect isocurvature fluctuation at relatively small scale.#11 This
statistically anisotropic DM isocurvature fluctuation can be a unique signal to distinguish
vector coherent oscillation DM from other DM candidates.
Fig. 2 summarizes constraints on our vector coherent DM scenario. At each value of m,
A(in) is chosen such that the vector coherent oscillation becomes dominant component of DM
for  = 1. The upper gray shaded region is excluded from the DM isocurvature constraint.
The constraint to avoid the backreaction (39) also gives a similar exclusion region for α = −4.
The lower right red shaded region is excluded by the constraint (40), which applies only to
the case of α = 2, although it is not clear whether we can have  = 1 for α = 2 or not.
This lightness constraint does not exist for α = −4. The region sandwiched by two vertical
dashed blue lines may be explored through the black hole superradiance [54–57].
4 Discussion
In this paper we constructed a model of hidden massive vector DM as a homogeneous
coherent oscillation. We introduced a scalar dependent gauge kinetic function f 2(φ) in order
to break the conformal invariance and to persist a vector field condensate during inflation.
Our model does not suffer from neither ghost nor gradient instabilities, while some specific
time dependence of the kinetic function is mandatory for this purpose. As a result we
obtained a consistent scenario for an ultra-light vector DM as coherent oscillation. The
evolution of the long wave fluctuations are also calculated and it is pointed out that the
DM isocurvature perturbation has a distinct property that it can be highly statistically
anisotropic, which can be a smoking-gun signal of a vector coherent oscillation DM scenario.
#11 In the vector curvaton scenario of Refs. [23–25], the curvature perturbation is assumed to be sourced
by the vector field, and hence three conditions are required: the (nearly) scale-invariant spectrum, the
cancellation of the statistical anisotropy (which implies PT ' PL at large scale) and decay of the curvaton
before Big-Bang nucleosynthesis. For α = −4, the second condition is satisfied for β = 1. For α = 2,
although β = 0 satisfies the first and second condition, it is difficult to achieve the last condition. All the
conditions are satisfied for β = 1. See App. B.
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Figure 2: The allowed parameter region for the vector coherent DM model on the plane
of (m,Hinf). At each value of m, A(in) is chosen such that the vector coherent oscillation
becomes dominant component of DM for  = 1. The upper gray shaded region is excluded
by the DM isocurvature constraint. The constraint to avoid the backreaction to the inflaton
dynamics (39) also gives a similar exclusion region for α = −4. The lower right red shaded
region is excluded by the constraint (40), which applies only to the case of α = 2. The
region sandwiched by two vertical dashed blue lines may be explored through the black hole
superradiance.
Here let us discuss the detection possibility. As we have just mentioned, the discovery
of the statistically anisotropic DM isocurvature perturbation could be a unique signal of
vector coherent DM. Light vector boson with 10−20 eV . m . 10−11 eV may also induce a
superradiance instability of the astrophysical black holes [54–57]. Observations of spinning
black holes can constrain such mass regions. One can also introduce a kinetic mixing of the
hidden vector boson to the hypercharge photon,
L = −κ
2
F (Y )MNFMN , (64)
where κ is a constant and F (Y )MN denotes the field strength of the hypercharge photon. This
kinetic mixing provides us with lots of phenomenology and opens up a possibility to detect it
through terrestrial experiments [1,2,58–64]. Note that the effective kinetic mixing parameter
is rather given by κeff ≡ κ/f(φ) during inflation. For α = −4, κeff becomes smaller at earlier
epoch. For α = 2, it becomes larger and larger for earlier epoch hence it may enter a strong
couple regime. To avoid this, one can also assume time dependent κ by regarding it as a
function of some scalar field as κ(φ).
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Finally we mention other possibilities to have a homogeneous vector condensate. Actually
in the context of inflaionary model building it is known that there are several situations where
the vector condensate plays a crucial role. In a so-called gauge-flation scenario [32, 65, 66],
hidden SU(2) gauge fields obtain homogeneous field values causing inflation while the three
gauge bosons are aligned with the (x, y, z) direction respectively so that the isotropic expan-
sion of the universe is retained. A crucial difference between U(1) and non-Abelian gauge
boson is that the latter necessarily has self interactions without violating gauge invariance,
which may serve as a potential of the gauge field, and also one can introduce a term like
L ∼ (FaMN F˜MNa)2 to modify the kinetic term of the background homogeneous gauge boson.
Such an idea may be used to construct a consistent model of vector coherent oscillation DM,
although the gauge coupling constant should be extremely small to satisfy the bound on
the DM self interaction for an ultra-light DM. Another scenario is a so-called anisotropic
inflation [30–32]. In this scenario gauge kinetic function of f 2(φ)FMNFMN is introduced
and the homogeneous vector field is supported by the time dependence of f , similar to our
DM scenario, while it backreacts to the inflaton dynamics so that it has another slow-roll
anisotropic inflation phase. As briefly mentioned in Sec. 3.3, this may corresponds to the
case α < −4 and it might be interesting to pursue this possibility as a mechanism to create
vector coherent oscillation DM.
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A Evolution of mode function
In this Appendix we give a solution to the equation of motion derived from the longitudinal
mode action for α = −4 (53). Especially we are interested in the evolution across the epoch
of k/a ∼ m/f . The mode function A˜cL(~k, τ) is defined by
AcL(
~k, τ) = A˜cL(
~k, τ)a~k + A˜
c∗
L (
~k, τ)a†−~k, (65)
where the creation and annihilation operators satisfy[
a~k, a
†
~k′
]
= (2pi)3δ(~k − ~k′), [a~k, a~k′] = [a†~k, a†~k′] = 0. (66)
The vacuum state is defined such that a~k |0〉 = 0. Using this mode function, the power
spectrum is given by 〈
AcL(
~k)Ac∗L (~k
′)
〉
=
∣∣∣A˜cL(k)∣∣∣2 (2pi)3δ(~k − ~k′). (67)
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First, for k/a m/f , the equation is the same as the transverse mode, which is nothing
but a minimally coupled scalar as already mentioned in the main text. Taking the Bunch-
Davies boundary condition in the short wavelength limit [67], we have
A˜cL(k, τ) '
1√
2k
√
−pikτ
2
H
(1)
3/2(−kτ) '

1√
2k
e−ikτ for k/a Hinf ,
aHinf√
2k3/2
for m/f  k/a Hinf ,
(68)
where H
(1)
3/2(z) denotes the Hankel function of the first kind. Thus in the superhorizon regime
AcL starts with the growing solution∝ a. Recall that the physical field is AcL/a, which remains
constant in this regime and hence the physical energy density also remains constant.
Next let us consider the evolution across the epoch of k/a ∼ m/f . By using τ =
−1/(aHinf) during inflation, the equation of motion for the superhorizon mode k/a  Hinf
and for m/f  Hinf is written in the form of
A˜c′′L (k, τ)−
(
2
τ 2
− 27τ
4τ 6∗
(τ 6 + τ 6∗ )2
)
A˜cL(k, τ) = 0. (69)
Here τ < τ∗ and τ > τ∗ correspond to k/a < m/f and k/a > m/f , respectively. One easily
finds that in both the regime τ  τ∗ and τ  τ∗, a solution looks like A˜cL ∼ C1τ 2 + C2τ−1
with some constants C1 and C2. Thus one may naively expect that the growing solution at
τ  τ∗ smoothly connects to the growing solution at τ  τ∗. This is not true, however. The
exact solution is given by
A˜cL(k, τ) = C1
τ 2
(τ 6 + τ 6∗ )1/2
+ C2
τ 6 − τ 6∗
τ(τ 6 + τ 6∗ )1/2
, (70)
with some constants C1 and C2. One sees that the C1 term connects the initial growing
solution to the final decaying solution and C2 term connects the initial decaying solution to
the final growing solution. Since we already obtained a growing solution at m/f  k, we
end up with the decaying solution.
Therefore, at the end of inflation, the power spectrum for k . aendm is given as∣∣∣A˜cL(k, tend)∣∣∣2 ∼ 12k
(
a∗Hinf
k
)2(
a∗
aend
)4
∼ a
2
endH
2
inf
2k3
(
k
maend
)2
, (71)
where a∗ denotes the scale factor at k/a = m/f and we have taken f = 1 at the end of
inflation. Thus the power spectrum is strongly blue tilted. At the observable scale, i.e.
present cosmological scale, the longitudinal fluctuation is negligibly small compared with
the transverse mode.
B Varying mass term
In this Appendix we mention the case of time-dependent vector boson mass term m(t) ∝
aβ(t) with some constant β during inflation. For simplicity we assume m approaches to m0
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at the end of inflation and it remains constant thereafter. This possibility was considered in
the context of vector curvaton [23–25] and it is worth mentioning how their results and ours
are related.
The zero mode dynamics is not affected by the time dependence of the mass term as far
as m/f  H is satisfied during inflation. Similarly, the transverse mode action (25) is not
affected. It is the longitudinal fluctuation dynamics that can be significantly modified. The
effective mass term of the longitudinal vector boson, −g′′/g in (26), is now given by
g′′
g
=
H2
4
4(1 + β)(2 + β)f 4k4 + α(2 + α)a4m4 − 2(2− 7α + α2 + 6β − 6αβ + 4β2)f 2k2a2m2
(f 2k2 + a2m2)2
,
(72)
where we have assumed inflationary epoch during which a′′/a = 2H2. The limiting form in
the short and long wavelength limit is given by
g′′
g
→
(1 + β)(2 + β)H
2 for fk  am,
α(2 + α)
4
H2 for fk  am. (73)
In our model studied in the main text, β = 0 and α = −4 or 2 are assumed and we have
g′′/g → 2H2 in the both limit. In the vector curvaton model studied in Ref. [24], on the
other hand, it is assumed that β = 1 with α = −4 or 2. In this case, we have
g′′
g
→
{
6H2 for fk  am,
2H2 for fk  am. (74)
Thus the superhorizon evolution of the longitudinal mode (m/f  k/a  H) is different
from the transverse one. Keeping general value of β, the solution of the equation of motion
in each regime during inflation is schematically given as follows:#12
A˜cL(k, t) ∼

1√
2k
e−ikτ for k/a H,
c1a
1+β + c2a
−(2+β) for m/f  k/a H,
c3a+ c4a
−2 for k/a m/f.
(75)
The unusual growing solution in the intermediate regime at m/f  k/a  H modifies the
resulting spectrum of the fluctuation. As noted in App. A, it is non-trivial whether the
mode function finally enters the growing solution (∝ a) or decaying solution (∝ a−2). If the
growing solution applies, which is actually the case for α = 2, the superhorizon spectrum
#12 The equation of motion in the superhorizon regime is approximated by the form A˜c′′L −nH2A˜cL = 0, whose
solution is given by A˜cL ∝ a−(1±
√
1+4n)/2 during inflation. In particular, in the case of n = (1 + β)(2 + β),
the solution is A˜cL ∝ a−(2+β) and a1+β .
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for k/a < m/f at the end of inflation looks like
∣∣∣A˜cL(k, tend)∣∣∣2 ∼ a2endH2inf2k3
(
Hinf
m0
)2β (
k
m0aend
) 2β(α−2β)
2+2β−α
, (76)
where we have taken f = 1 and m = m0 at the end of inflation. Thus the power spectrum
deviates from the scale invariant one in general. The scale invariance is recovered for β = 0
or α − 2β = 0, the latter of which corresponds to (α, β) = (2, 1) as extensively studied in
the vector curvaton context [24]. If the decaying solution applies, which is actually the case
for α = −4, the superhorizon spectrum for k/a < m/f at the end of inflation, looks like
∣∣∣A˜cL(k, tend)∣∣∣2 ∼ a2endH2inf2k3
(
Hinf
m0
)2β (
k
m0aend
) 12+2β(α−2β)
2+2β−α
, (77)
Again the power spectrum deviates from the scale invariant one in general. The scale in-
variance is recovered for 6 + β(α − 2β) = 0, which corresponds to (α, β) = (−4, 1) as also
extensively studied in the vector curvaton context [24]. In our scenario to identify the vector
boson as DM, these kind of modified spectrum are imprinted in the DM isocurvature pertur-
bation and it may be interesting that the blue spectrum enhances the detection possibility.
References
[1] J. Jaeckel and A. Ringwald, Ann. Rev. Nucl. Part. Sci. 60, 405 (2010) [arXiv:1002.0329
[hep-ph]].
[2] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, JCAP
1206, 013 (2012) [arXiv:1201.5902 [hep-ph]].
[3] J. Preskill, M. B. Wise and F. Wilczek, Phys. Lett. B 120, 127 (1983).
[4] L. F. Abbott and P. Sikivie, Phys. Lett. B 120, 133 (1983).
[5] M. Dine and W. Fischler, Phys. Lett. B 120, 137 (1983).
[6] J. E. Kim, Phys. Rept. 150, 1 (1987).
[7] M. Kawasaki and K. Nakayama, Ann. Rev. Nucl. Part. Sci. 63, 69 (2013)
[arXiv:1301.1123 [hep-ph]].
[8] P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi and F. Takahashi, arXiv:1810.07188
[hep-ph].
[9] R. T. Co, A. Pierce, Z. Zhang and Y. Zhao, Phys. Rev. D 99, no. 7, 075002 (2019)
[arXiv:1810.07196 [hep-ph]].
19
[10] M. Bastero-Gil, J. Santiago, L. Ubaldi and R. Vega-Morales, JCAP 1904, no. 04, 015
(2019) [arXiv:1810.07208 [hep-ph]].
[11] J. A. Dror, K. Harigaya and V. Narayan, Phys. Rev. D 99, no. 3, 035036 (2019)
[arXiv:1810.07195 [hep-ph]].
[12] P. W. Graham, J. Mardon and S. Rajendran, Phys. Rev. D 93, no. 10, 103520 (2016)
[arXiv:1504.02102 [hep-ph]].
[13] Y. Ema, K. Nakayama and Y. Tang, JHEP 1907, 060 (2019) [arXiv:1903.10973 [hep-
ph]].
[14] G. Alonso-Alvarez, T. Hugle and J. Jaeckel, arXiv:1905.09836 [hep-ph].
[15] G. Dvali, O. Pujolas and M. Redi, Phys. Rev. D 76, 044028 (2007) [hep-th/0702117
[HEP-TH]].
[16] B. Himmetoglu, C. R. Contaldi and M. Peloso, Phys. Rev. Lett. 102, 111301 (2009)
[arXiv:0809.2779 [astro-ph]].
[17] B. Himmetoglu, C. R. Contaldi and M. Peloso, Phys. Rev. D 80, 123530 (2009)
[arXiv:0909.3524 [astro-ph.CO]].
[18] M. Karciauskas and D. H. Lyth, JCAP 1011, 023 (2010) [arXiv:1007.1426 [astro-
ph.CO]].
[19] M. S. Turner and L. M. Widrow, Phys. Rev. D 37, 2743 (1988).
[20] K. Dimopoulos, Phys. Rev. D 74, 083502 (2006) [hep-ph/0607229].
[21] K. Dimopoulos and M. Karciauskas, JHEP 0807, 119 (2008) [arXiv:0803.3041 [hep-th]].
[22] K. Dimopoulos, M. Karciauskas, D. H. Lyth and Y. Rodriguez, JCAP 0905, 013 (2009)
[arXiv:0809.1055 [astro-ph]].
[23] K. Dimopoulos, Phys. Rev. D 76, 063506 (2007) [arXiv:0705.3334 [hep-ph]].
[24] K. Dimopoulos, M. Karciauskas and J. M. Wagstaff, Phys. Rev. D 81, 023522 (2010)
[arXiv:0907.1838 [hep-ph]].
[25] K. Dimopoulos, M. Karciauskas and J. M. Wagstaff, Phys. Lett. B 683, 298 (2010)
[arXiv:0909.0475 [hep-ph]].
[26] J. M. Wagstaff and K. Dimopoulos, Phys. Rev. D 83, 023523 (2011) [arXiv:1011.2517
[hep-ph]].
[27] A. E. Nelson and J. Scholtz, Phys. Rev. D 84, 103501 (2011) [arXiv:1105.2812 [hep-ph]].
20
[28] S. M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D 68, 023509 (2003) [astro-
ph/0301273].
[29] L. H. Ford, Phys. Rev. D 40, 967 (1989).
[30] M. a. Watanabe, S. Kanno and J. Soda, Phys. Rev. Lett. 102, 191302 (2009)
[arXiv:0902.2833 [hep-th]].
[31] J. Soda, Class. Quant. Grav. 29, 083001 (2012) [arXiv:1201.6434 [hep-th]].
[32] A. Maleknejad, M. M. Sheikh-Jabbari and J. Soda, Phys. Rept. 528, 161 (2013)
[arXiv:1212.2921 [hep-th]].
[33] A. R. Liddle and D. H. Lyth, “Cosmological inflation and large scale structure,” Cam-
bridge, UK: Univ. Pr. (2000) 400 p
[34] B. Ratra, Astrophys. J. 391, L1 (1992).
[35] M. Giovannini, Phys. Rev. D 64, 061301 (2001) [astro-ph/0104290].
[36] K. Bamba and J. Yokoyama, Phys. Rev. D 69, 043507 (2004) [astro-ph/0310824].
[37] A. Kandus, K. E. Kunze and C. G. Tsagas, Phys. Rept. 505, 1 (2011) [arXiv:1007.3891
[astro-ph.CO]].
[38] V. Demozzi, V. Mukhanov and H. Rubinstein, JCAP 0908, 025 (2009) [arXiv:0907.1030
[astro-ph.CO]].
[39] S. Kanno, J. Soda and M. a. Watanabe, JCAP 0912, 009 (2009) [arXiv:0908.3509
[astro-ph.CO]].
[40] T. Fujita and S. Mukohyama, JCAP 1210, 034 (2012) [arXiv:1205.5031 [astro-ph.CO]].
[41] Y. Akrami et al. [Planck Collaboration], arXiv:1807.06211 [astro-ph.CO].
[42] R. Namba, Phys. Rev. D 86, 083518 (2012) [arXiv:1207.5547 [astro-ph.CO]].
[43] C. Destri, H. J. de Vega and N. G. Sanchez, Phys. Rev. D 77, 043509 (2008) [astro-
ph/0703417].
[44] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B 725, 111 (2013)
[arXiv:1303.7315 [hep-ph]].
[45] K. Nakayama, F. Takahashi and T. T. Yanagida, JCAP 1308, 038 (2013)
[arXiv:1305.5099 [hep-ph]].
[46] J. C. Bueno Sanchez and K. Dimopoulos, JCAP 1401, 012 (2014) [arXiv:1308.3739
[hep-ph]].
21
[47] K. Enqvist and M. S. Sloth, Nucl. Phys. B 626, 395 (2002) [hep-ph/0109214].
[48] D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002) [hep-ph/0110002].
[49] T. Moroi and T. Takahashi, Phys. Lett. B 522, 215 (2001) Erratum: [Phys. Lett. B
539, 303 (2002)] [hep-ph/0110096].
[50] D. H. Lyth, K. A. Malik and M. Sasaki, JCAP 0505, 004 (2005) [astro-ph/0411220].
[51] D. Wands, K. A. Malik, D. H. Lyth and A. R. Liddle, Phys. Rev. D 62, 043527 (2000)
[astro-ph/0003278].
[52] M. Kawasaki, K. Nakayama, T. Sekiguchi, T. Suyama and F. Takahashi, JCAP 0811,
019 (2008) [arXiv:0808.0009 [astro-ph]].
[53] D. Langlois, F. Vernizzi and D. Wands, JCAP 0812, 004 (2008) [arXiv:0809.4646 [astro-
ph]].
[54] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper and J. March-Russell, Phys.
Rev. D 81, 123530 (2010) [arXiv:0905.4720 [hep-th]].
[55] A. Arvanitaki and S. Dubovsky, Phys. Rev. D 83, 044026 (2011) [arXiv:1004.3558 [hep-
th]].
[56] P. Pani, V. Cardoso, L. Gualtieri, E. Berti and A. Ishibashi, Phys. Rev. Lett. 109,
131102 (2012) [arXiv:1209.0465 [gr-qc]].
[57] R. Brito, V. Cardoso and P. Pani, Lect. Notes Phys. 906, pp.1 (2015) [arXiv:1501.06570
[gr-qc]].
[58] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Redondo and A. Ringwald, JCAP
1304, 016 (2013) [arXiv:1212.2970 [hep-ph]].
[59] S. R. Parker, J. G. Hartnett, R. G. Povey and M. E. Tobar, Phys. Rev. D 88, 112004
(2013) [arXiv:1410.5244 [hep-ex]].
[60] S. Chaudhuri, P. W. Graham, K. Irwin, J. Mardon, S. Rajendran and Y. Zhao, Phys.
Rev. D 92, no. 7, 075012 (2015) [arXiv:1411.7382 [hep-ph]].
[61] Y. Hochberg, T. Lin and K. M. Zurek, Phys. Rev. D 94, no. 1, 015019 (2016)
[arXiv:1604.06800 [hep-ph]].
[62] Y. Hochberg, T. Lin and K. M. Zurek, Phys. Rev. D 95, no. 2, 023013 (2017)
[arXiv:1608.01994 [hep-ph]].
[63] A. Arvanitaki, S. Dimopoulos and K. Van Tilburg, Phys. Rev. X 8, no. 4, 041001 (2018)
[arXiv:1709.05354 [hep-ph]].
22
[64] M. Baryakhtar, J. Huang and R. Lasenby, Phys. Rev. D 98, no. 3, 035006 (2018)
[arXiv:1803.11455 [hep-ph]].
[65] A. Maleknejad and M. M. Sheikh-Jabbari, Phys. Lett. B 723, 224 (2013)
[arXiv:1102.1513 [hep-ph]].
[66] A. Maleknejad and M. M. Sheikh-Jabbari, Phys. Rev. D 84, 043515 (2011)
[arXiv:1102.1932 [hep-ph]].
[67] T. S. Bunch and P. C. W. Davies, Proc. Roy. Soc. Lond. A 360, 117 (1978).
23
